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ABSTRACT 

H/ACA small nucleolar RNPs (snoRNPs) that guide 
pseudouridylation reactions are comprised of one 
small nucleolar RNA (snoRNA) and four common 
proteins (Cbf5, Gar1, Nhp2 and Nop10). Unlike 
other H/ACA snoRNPs, snR30 is essential for 
the early processing reactions that lead to the 
production of 18S ribosomal RNA in the yeast 
Saccharomyces cerevisiae. To determine whether 
snR30 RNP contains specific proteins that contrib- 
ute to its unique functional properties, we devised an 
affinity purification strategy using TAP-tagged Gar1 
and an RNA aptamer inserted in snR30 snoRNA to 
selectively purify the RNP. Northern blotting and pCp 
labeling experiments showed that S1 -tagged 
snR30 snoRNA can be selectively purified with 
streptavidin beads. Protein analysis revealed that 
aptamer-tagged snR30 RNA was associated with 
the four H/ACA proteins and a number of additional 
proteins: Nop6, ribosomal proteins S9 and S18 and 
histones H2B and H4. Using antibodies raised 
against Nop6 we show that endogenous Nop6 
localizes to the nucleolus and that it cosediments 
with snR30 snoRNA in sucrose density gradients. 
We demonstrate through primer extension experi- 
ments that snR30 snoRNA is required for cleavages 
at site AO, A1 and A2, and that the absence of Nop6 
decreases the efficiency of cleavage at site A2. 
Finally, electron microscopy analyses of chromatin 
spreads from cells depleted of snR30 snoRNA show 
that it is required for SSU processome assembly. 

INTRODUCTION 

Eukaryotic ribosome biogenesis takes place in the nucle- 
olus, a prominent compartment of the nucleus. In the 



yeast Saccharomyces cerevisiae, this process requires 
around 200 proteins and different small nucleolar RNAs 
(snoRNAs) to produce functional ribosomes (1). In order 
to function, snoRNAs associate with specific proteins to 
form ribonucleoproteins [snoRNPs; (2)]. In S. cerevisiae, 
there are 47 snoRNAs belonging to the box C/D family, 
and 29 snoRNAs of the box H/ACA class; RRP2, the 
RNA subunit of RNase MRP, is the sole member of its 
family (3). 

H/ACA snoRNAs act as guides for site-specific 
pseudouridylation (4,5). They adopt a hairpin-hinge- 
hairpin-tail structure where box H (AN ANN A) is 
located in the hinge region and box ACA in the tail 
region, always three nucleotides upstream of the 3'-end 
(6,7). Boxes H and ACA are important for snoRNA 
stability and accumulation. The hairpins are generally 
interrupted by an internal loop, called the pseudo- 
uridylation pocket, which contains short sequences com- 
plementary to the target RNA that undergoes uridine to 
pseudouridine (*) isomerization. Box H/ACA snoRNAs 
also share four common proteins: Cbf5 (named dyskerin 
in humans), Garl, Nhp2 and NoplO (2). Cbf5 is the 
enzyme responsible for the U to * isomerization [(2) 
and references therein]. Garl is a late assembly protein 
and it is found only in mature RNPs (8). 

Very few snoRNAs are required for the cleavage 
reactions that remove spacer sequences of pre-ribosomal 
RNAs (pre-rRNAs). In yeast, box C/D snoRNAs U3 and 
U14, and box H/ACA snoRNA snR30 are essential for 
18S rRNA synthesis (9). RNase MRP is involved in 
cleavage at site A3, upstream of 5.8S rRNA (10). 
Processing complexes form co-transcriptionally and can 
be visualized by electron microscopy (EM) carried out 
on chromatin spreads of rRNA genes: these complexes 
appear as granules (or 'terminal knobs') at the 5' -end 
of nascent rRNA transcripts, forming the so-called 
'Christmas trees'. Terminal knob formation and subse- 
quent processing require the U3 snoRNA and all of its 
associated proteins; the U3 complex binds nascent 
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pre-rRNA and is thought to be a major constituent of 
a small 5'-ETS particle that condenses with pre-rRNA 
and additional factors to form a larger knob coined the 
SSU processome (11,12), which is also known as the 90S 
pre-ribosome (13). In exponentially growing cells, SSU 
processomes assemble on nascent transcripts almost 
immediately after transcription of the 18S rRNA, when 
polymerases have reached just beyond one-third of the 
rDNA gene. At about two-thirds of the rDNA gene, 
co-transcriptional cleavage of the RNA [almost certainly 
at site A2, (12,14)] releases the SSU processome (pre-40S 
ribosome). There may be subsequent formation of a large 
subunit knob (LSU processome) at the 5'-end of the 
remaining transcript (12). In post-logarithmic cells or 
less favorable conditions, these processing steps are 
post-transcriptional (12,14). 

The snR30 snoRNA is highly conserved from yeast to 
humans (15). According to secondary structure analyses, 
snR30 RNA adopts a hairpin-hinge-hairpin-tail struc- 
ture, and bears the conserved H and ACA motifs [(15); 
Figure 1A]. Although snR30 snoRNA is associated with 
the four H/ACA proteins (16-18), it has no known target 
for pseudouridylation (4,5). However, snR30 snoRNA is 
essential for the early cleavage steps at sites AO, Al and 
A2 that lead to the production of the 18S rRNA of the 
small ribosomal subunit (15,19). Two motifs identified 
in the 3' hairpin of snR30 RNA and its orthologs are 
important for function (motifs ml and m2; Figure 1A); 
mutations in these motifs impair 18S production without 
affecting snR30 snoRNA accumulation (15). Motifs ml 
and m2 base pair with target sequences rml and rm2 in 
ES6, a eukaryote-specific rRNA sequence found in the 
central domain of the 18S rRNA (20,21). Moreover, 
additional elements that are essential for 18S rRNA pro- 
cessing were identified in the distal part of the 3'-terminal 
hairpin of snR30 RNA, suggesting that these elements 
could be docking site(s) for putative snR30-specific 
proteins (20). 

In this study, we devised an affinity chromatography 
procedure to purify snR30 snoRNP. We show that 
snR30 snoRNA is associated with the four H/ACA 
proteins and a number of additional proteins, including 
Nop6. We also show that absence of snR30 snoRNA 
impairs SSU processome assembly and abolishes 
cleavage at sites AO, Al and A2. Finally, we confirm 
that endogenous Nop6 localizes to the nucleolus and 
that a knockout of Nop6 reduces the efficiency of 
cleavage at site A2. 
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Figure 1. Sl-tagged snRJO is functional in vivo. (A) Schematic second- 
ary structure of aptamer-tagged snR30 (not to scale). Box H, box 
ACA, SI aptamer, motifs ml and m2 are indicated. Arrows point to 
the site where the minimal SI aptamer was introduced. Residues 
flanking the SI aptamer are numbered. (B) Ten-fold dilutions of cells 
were spotted from left to right on YPGal or YPD plates. YPH499 is 
the parental wild-type strain. Strain GAL::SNR30T was transformed 
with the empty vector pRS316 (Vector), plasmid pRS316-SNR30 
encoding untagged snR30 (WT-SNR30) or plasmid pRS316-Sl- 
SNR30 encoding Sl-tagged snR30 (S1-SNR30). (C) Growth curves of 
strains GAR 1 -TAP, GAL.:SNR30T and S1-SNR30 after shift from 
YPGal to YPD. 



MATERIALS AND METHODS 

Generation of the Sl-snR30 construct 

The whole SNR30 locus, including promoter and termin- 
ator sequences [~1.5kb; (22)], was PCR-amplified from 
yeast genomic DNA isolated as described (23) and 
cloned in pBluescript II SK(— ). Oligonucleotide sequences 
are shown in Supplementary Table SI. The minimal SI 
aptamer (24) was introduced in the snR30 sequence 
between nucleotides 234-238 (thus deleting residues 
235-237) using the overlap extension method of 



site-directed mutagenesis (25). The SNR30 and 
S1-SNR30 fragments were cloned in the yeast vector 
pRS316 (26), to generate plasmids pRS316-SNR30 and 
pRS316-Sl-SNR30, respectively. 

Yeast strains and media 

Yeast strains are described in Supplementary Table SII. 
The strains were grown in rich medium, YPD or YPGal 
(1% yeast extract, 2% peptone, 2% dextrose or 2% gal- 
actose, respectively). When required, strains were grown in 
SD or SGal (0.67% yeast nitrogen base, 2% dextrose or 
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2% galactose, respectively) complemented with the 
appropriate dropout mix, or in the presence of 200 |ig/ml 
G418 (Invitrogen). Yeast transformation was carried out 
as described (27). Strain GAR1-TAP expressing TAP- 
tagged Garl under the control of its natural promoter 
was generated as described (28). Strains YPH499 and 
GAR1-TAP were modified to express snR30 snoRNA 
under the control of the GAL1 promoter (29); the result- 
ing strains were named GAL::SNR30 and GAL::SNR30T, 
respectively. 

Spot assays and growth curves 

Strains YPH499, GAL::SNR30T, GAL::SNR30V, 
WT-SNR30 and S1-SNR30 were grown in galactose- 
containing medium to exponential phase (A 60 o ~ 0.5), 
harvested, washed and resuspended in sterile water to an 
OD of 1 . Ten-fold serial dilutions of these cell suspensions 
were spotted onto YPD or YPGal plates that were 
incubated at 16°C, 30°C or 37°C. For cultures in liquid 
media, GAR 1 -TAP, GAL::SNR30T and S1-SNR30 
strains were grown in galactose-containing medium to 
exponential phase, harvested, washed with sterile water 
and resuspended to an OD of 0.1 in YPD pre- warmed 
at 30°C. During growth in YPD, strains were kept in 
exponential growth (A 60 o < 0.7) by dilution in pre-warmed 
YPD. For depletion experiments, strains were grown as 
described above and harvested by centrifugation 9 or 12 h 
after the shift to YPD. 

Affinity purification of Sl-snR30 

Cells expressing SI -tagged snR30 snoRNA were grown in 
YPD to exponential phase (A 60 o ~ 0.5) and harvested by 
centrifugation. The cell pellet was washed twice in ice-cold 
sterile water and resuspended in TMK150 buffer [25 mM 
Tris-HCl (pH 7.8), lOmM MgCl 2 , 150mM KC1, 1 mM 
1,4-dithiothreitol (DTT), 0.1% NP-40] complemented 
with Complete protease inhibitor (Roche). The buffer to 
cell ratio was 10ul/A 60 o unit. Cells were flash frozen in 
liquid nitrogen and stored at — 80°C. Frozen cells were 
thawed on ice and whole-cell extract was prepared 
using 400-625 micron glass beads (Sigma). The lysate 
was cleared by centrifugation (5min, lOOOOg). The cell 
extract (40 ml) was split into eight tubes and each was 
incubated with 200 ul of IgG-agarose beads (GE 
Healthcare) at 4°C for 2h on a nutator. Beads were 
placed in eight poly-prep columns (Bio-Rad) and each 
was washed with 25 ml of TMK150 lacking NP-40 and 
DTT. Elution from IgG beads was carried out with 1 ml 
of TMK150-TEV [TMK150 with 100 units of AcTEV 
protease (Invitrogen) and 60 ug/ml of avidin (Sigma)] for 
2h at 16°C on a nutator. Eluates were pooled and 
incubated with 400 ul of streptavidin-agarose beads 
(Sigma) at 4°C for 1 h on a nutator. Streptavidin beads 
were placed in a poly-prep column, washed with 50 ml of 
TMK150 and incubated with 800 ul of TMK150 supple- 
mented with 5mM biotin (Sigma) to elute the Sl-snR30 
complex. Eluates were split in four samples, two for RNA 
analyses (3'-end pCp labeling and northern hybridization) 
and two for protein analyses (western blotting and silver 
staining). 



RNA analyses 

RNAs were recovered by phenol extraction and ethanol 
precipitation, and labeled at their 3'-end as described (30). 
Identification of specific RNAs was done by northern 
hybridization with radiolabeled oligonucleotide probes 
(11). Primer extension analyses were done essentially as 
described (31) with primers A0-A1, 18S and A2-A3 
(Supplementary Table SI). Dried gels or membranes 
were exposed to a phosphor screen and revealed with 
the Molecular Imager F/X™ (Bio-Rad). 

Production of anti-Cbf5 and anti-Nop6 antibodies 

The synthetic peptide KEYVPLDNAEQSTSC was used 
to raise anti-Cbf5 antibodies. Peptide synthesis and 
immunization were done by Invitrogen. To produce 
anti-Nop6 antibodies, rabbits were immunized in-house 
at the Animal Care Facility with recombinant Nop6: 
NOP6 ORF was cloned into pGEX-4T-l and 
GST-tagged Nop6 was produced in strain Rosetta II 
(DE3) pLysS (Novagen). GST-Nop6 was purified by 
affinity chromatography using GSTrap™ columns (GE 
Healthcare), and recombinant Nop6 was isolated after 
cleavage with thrombin following recommendations of 
the supplier. Western blot analyses showed that antibodies 
raised against Cbf5 and Nop6 specifically recognize 
proteins of 55 and 25kDa, respectively (data not shown). 
For immunofluorescence microscopy (see below), 
anti-Nop6 antibodies were purified by affinity chromatog- 
raphy with GST-Nop6 coupled to CNBr-activated 
Sepharose® 4B agarose beads (GE Healthcare). 

Protein analyses 

Proteins were separated on 10% SDS-polyacrylamide gels 
or Criterion XT Bis-Tris 4-12% gradient polyacrylamide 
gels (Bio-Rad). For western analysis, proteins were 
transferred onto PVDF membranes (Immobilon-P; 
Millipore), and immunodetection was carried out with 
anti-Cbf5 peptide antibodies diluted 1/2000, anti-Nhp2 
antibodies (32), anti-Nop6 antibodies diluted 1/1000 or 
PAP antibody (Sigma). HRP-conjugated secondary 
antibodies were used according to manufacturer's recom- 
mendations (GE Healthcare). Blots were revealed with 
ECL Plus™ (GE Healthcare). Silver staining was 
carried out as described (33). Gel slices were analyzed by 
mass spectrometry (McGill University and Genome 
Quebec Innovation Center, and SAMS Centre for 
Proteomics at the University of Calgary). 

Validation of mass spectrometry results 

Whole-cell extracts were prepared as described above 
except that 25A 60 o units of cells were resuspended in 
2.5 ml TMK150 buffer. Extracts were pre-cleared by 
incubation with 50 ul of CL-4B agarose beads (Sigma) at 
4°C for 30min on a nutator. The RNA concentration of 
each extract was determined by spectrophotometry (A254), 
normalized with TMK150, and 2 ml samples (8A254 U) 
were incubated with 50 ul of IgG-agarose beads at 4°C 
for 1 h on a nutator. The beads were washed six times 
with 1ml TMK150, resuspended in 100 ul elution buffer 
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[25 mM Tris HC1 pH 7.5, 10 mM EDTA, 0.5% SDS, 
O.lU/uI RNasin® (Promega)] and incubated at 65°C for 
lOmin with occasional mixing. RNAs were analyzed as 
described above. 

Sucrose density gradients 

Extracts were fractionated on 7-47% linear sucrose gra- 
dients essentially as described (34) except that TMK150 
buffer without heparin was used. Sixteen fractions 
were collected from top to bottom with an ISCO density 
gradient fractionation system coupled to a UA-6 detector 
to produce continuous absorbance profiles at 254 nm. 
Absorbance profiles were used to locate 40S and 60S 
ribosomal subunits, 80S ribosomes and polysomes. 

Inimunofluorescense microscopy 

Yeast cells were processed essentially as described (35). 
Purified anti-Nop6 antibodies and mouse monoclonal 
anti-fibrillarin antibody 17C12, which recognizes the 
nucleolar marker fibrillarin and its yeast homolog 
Nopl (36), were diluted 1/500 in blocking buffer (0.5% 
BSA, 0.5% Tween 20 in PBS) and incubated overnight at 
4°C. Secondary antibodies Alexa Fluor®488 goat 
anti-rabbit IgG and Alexa Fluor® 555 goat anti-mouse 
IgG (Invitrogen) were diluted 1/1000 in blocking 
buffer and incubated for 30min at room temperature. 
Nuclear DN A was stained for 1 5 min with 1 ng/ml of 
4'-6-Diamidino-2-phenylindole (DAPI). Coverslips were 
washed with blocking buffer and slides were mounted 
with ProLong® Gold antifade reagent (Invitrogen). 
Specimens were observed with an Eclipse Ti inverted 
microscope (Nikon) with an apochromat objective 
(numerical aperture 1.4); images were acquired with 
a Monochrome CCD camera (CFW1312 from Scion 
Corporation) and processed with ImageJ V 1.34s 
(Wayne Rasband, National Institutes of Health, USA). 

Chromatin spreads and electron microscopy 

The GAL::SNR30 strain was used to carry out chromatin 
spreads essentially as described (11,12). Exponentially 
growing cells were shifted from YPGal to YPD medium 
and incubated for 5h to deplete the snR30 snoRNA. 
Hundreds of rRNA genes were seen in chromatin 
spreads from both control and snR30-depleted cells, 
with representative examples shown in Figure 9. The 
experiment was repeated with similar results. 

RESULTS 

Affinity purification of snR30 snoRNP 

To selectively purify snR30 snoRNP by affinity chroma- 
tography and identify its protein components, we designed 
a two-step purification strategy to be used with a modified 
yeast strain. The TAP tag (28) was fused to the C-terminus 
of the H/ACA protein Garl (strain GAR1-TAP). It is 
worth noting that we chose to tag Garl because this 
protein is found only in mature, functional H/ACA 
RNPs (8). The TAP tag was used to recover the entire 
family of H/ACA snoRNPs. As there is no known 



snR30-specific protein that could be used to selectively 
isolate snR30 snoRNP from the pool of H/ACA 
snoRNPs, we introduced an RNA tag in snR30 
snoRNA (Figure 1A). We used the minimal SI aptamer, 
which has high affinity and specificity for streptavidin (24). 

Since snR30 snoRNA is essential for viability, sequence 
modifications that interfere with its function cause cell 
death (15,22). To test whether the introduction of the SI 
aptamer in snR30 snoRNA interferes with its function, 
strain S1-SNR30 was first grown to logarithmic phase 
in galactose-containing medium to allow expression of 
both chromosomally encoded snR30 and plasmid-borne 
Sl-snR30, and then shifted to dextrose-containing 
medium to turn off the GAL1 promoter (29) and shut 
down expression of untagged snR30 snoRNA. In the 
absence of chromosomally encoded snR30 snoRNA, 
these cells rely solely on plasmid-borne Sl-snR30 
snoRNA for survival. On YPD plates incubated at 
30°C, strain S1-SNR30 grew as well as the wild-type 
strain YPH499 or the control strain WT-SNR30 express- 
ing untagged snR30 snoRNA from a single-copy plasmid, 
in marked contrast with the GAL::SNR30T strain con- 
taining the empty vector pRS316 (Figure IB). Strains 
were also incubated at 16°C and 37°C, and no difference 
in growth was observed (data not shown). We compared 
growth in liquid medium after shifting strains from galact- 
ose- to dextrose-containing medium. The growth rate of 
strain GAL::SNR30T (without plasmid-borne snR30) 
began to slow down just around 5h after the shift to 
YPD, and growth was significantly impaired after 24 h 
of depletion (Figure 1C). In contrast, the strain expressing 
Sl-snR30 snoRNA grew as well as strain GAR1-TAP 
in YPD (Figure 1C). These results demonstrate that 
SI -tagged snR30 is functional. 

We used the S1-SNR30 strain grown in YPD for 
our affinity purification procedure. For affinity selection 
done in a single step, extracts were incubated with 
streptavidin-agarose beads to selectively isolate the 
snR30 complex. Single-step purification of Sl-snR30 by 
streptavidin beads was compared with the immunopre- 
cipitation (IP) of H/ACA snoRNAs by Garl -TAP. After 
elution, the RNAs and proteins of the purified RNPs were 
recovered and analyzed. First, RNAs were extracted and 
examined by polyacrylamide gel electrophoresis after 
3'-end labeling. These experiments revealed RNA bands 
corresponding to H/ACA snoRNAs associated with 
Garl-TAP (Figure 2A, lane 3). A band corresponding to 
Sl-snR30 was enriched when single step streptavidin 
purification was done (Figure 2 A, lane 4). Bands for 
5.8S rRNA, 5S rRNA and tRNAs could also be detected 
but these are normal contaminants of 3'-end labeling 
(11,37). In order to specifically identify snoRNAs, 
northern blot analyses of purifications done in one step 
(Figure 2B) or two steps (Figure 2C) were made. 
We were able to selectively isolate snR30 snoRNA in 
a one-step purification using streptavidin beads 
(Figure 2B). However, we realized that this one-step 
method brought many non-specific proteins (data not 
shown). Severe protein contamination in single-step puri- 
fication protocols with RNA tags is not uncommon (38). 
To minimize protein contamination, we first enriched the 
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Figure 2. Selective purification of Sl-tagged snR30 snoRNP. One-step 
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prepared from the S1-SNR30 strain grown in YPD. (A) 3'-End 
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Figure 3. Purified Sl-snR30 contains H/ACA proteins and a number 
of additional proteins. Proteins present in the extract (T), IgG eluate 
(PI) and streptavidin eluate (P2) were separated by SDS-PAGE and 
subjected to immunoblotting to detect Cbf5 and Nhp2 (A). In (B), the 
Criterion XT gel was silver-stained. Proteins identified by MS are 
indicated on the right. The molecular weights of protein markers 
(lane 1) are indicated on the left in kDa. 



snR30 RNP were also identified by MS analysis: Nop6, 
translation elongation factor Tefl, RNA polymerase II 
subunit Rpb7, small ribosomal summit proteins S9 and 
SI 8, and histones H2B and H4 (Figure 3B). 



sample in H/ACA snoRNPs through Garl-TAP purifica- 
tion, and then used the SI aptamer in a second round of 
purification. Fewer proteins were detected with the 
two-step purification procedure. Importantly, we were 
able to specifically recover the snR30 snoRNA 
(Figure 2C). Note that in Figure 2C, the fuzzy signal 
seen in lane P2 of the snRlO panel comes from slight 
degradation of the abundant Sl-snR30. 

Co-purified proteins isolated in the two-step procedure 
were analyzed by western blotting. Detection of Cbf5 and 
Nhp2 indicated that recovered snR30 RNA was 
associated with H/ACA proteins (Figure 3A). Proteins 
fractionated by PAGE were also visualized by silver 
staining, and the dominant bands were subjected to MS 
analysis. As expected, MS results revealed that proteins 
Cbf5, Garl, Nhp2 and NoplO were highly enriched in 
purified samples (these proteins are indicated in bold in 
Figure 3B). The presence of the four H/ACA proteins 
demonstrated that the SI aptamer did not interfere with 
their association with snR30 snoRNA, consistent with the 
observation that Sl-tagged snR30 snoRNP is fully func- 
tional (Figure 1). No proteins of C/D snoRNPs or ribo- 
somal proteins of the large subunit were recovered, 
indicating that the purification procedure was highly 
specific for snR30 RNP. A number of additional 
proteins not previously known to be associated with 



Association of TAP-tagged proteins Nop6, Rps9A/B, 
Rpsl8A/B, Htbl/2 and Hhf2 with snR30 snoRNA 

To validate the MS results, we carried out IPs with 
TAP-tagged versions of each protein and analyzed 
the co-precipitated RNAs by northern hybridization. 
MS analyses could not discriminate between the two 
isoforms of ribosomal proteins S9 (Rps9A and Rps9B) 
and S18 (Rpsl8A and Rpsl8B), as well as histones H2B 
(Htbl and Htb2) and H4 (Hhfl and Hhf2). Therefore, we 
carried out IPs with each isoform of these proteins. The 
efficiency of IPs was evaluated by western blot analysis 
(Supplementary Figure SI). The IPs confirmed that, 
like the H/ACA proteins, proteins Nop6, Rps9A/B, 
Rpsl8A/B, Htbl/2 and Hhf2 are associated with snR30 
snoRNA in vivo (Figure 4). Only trace amounts of snR30 
RNA were detected in control IPs with extracts from the 
untagged wild-type strain (Figure 4, BY4741 lanes). Nop6, 
ribosomal proteins S9 and SI 8, and histones Htbl, 
Htb2 and Hhf2 are not specific to snR30 since other 
snoRNAs were co-immunoprecipitated; it is also 
important to underscore that these proteins do not 
co-immunoprecipitate the same set of snoRNAs. None 
of the snoRNAs analyzed by northern hybridization 
co-immunoprecipitated with TAP-tagged proteins Rpb7 
and Tefl, indicating that they were non-specific contam- 
inants recovered during purification of snR30 snoRNP. 
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Untagged BY4741 strain was used to determine background levels of immunoprecipitated snoRNAs, which are indicated on the right of each 
panel. The asterisk indicates blots with multiple bands: snR84 is the bottom band, snR35 is the top band, and snR4 is the bottom band. 
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Contamination of purified RNPs with Tefl is well docu- 
mented (39). For Nop6 IPs, snoRNAs U3, U14, snR4 and 
snR35 were also detected in addition to snR30; surpris- 
ingly, snR35 was the most enriched snoRNA of those 
tested. 

Endogenous Nop6 localizes to the nucleolus and 
cosediments with snR30 snoRNP in sucrose gradients 

One of the novel proteins associated with snR30 snoRNP 
is Nop6, a protein bearing a predicted RNA recognition 
motif and a putative coiled-coil motif (our unpublished 
observations). Little is known about Nop6, though bio- 
informatics analyses implied that it functions in rRNA 
processing (40), and large-scale purification analyses 
indicated that it interacts with Garl, Cbf5 and Nhp2, 
three of the four H/ACA proteins (41-43). These 
features make Nop6 a perfect candidate to associate 
with the snR30 RNP. A previous high-throughput study 
by Huh et al. (44) showed that GFP-tagged Nop6 
localized to the nucleolus; however, these authors 
carefully cautioned that fusion to GFP could cause 
mislocalization of fusion proteins. We used anti-Nop6 
antibodies to determine the cellular localization of en- 
dogenous Nop6 by immunofluorescence microscopy and 
showed that it co-localizes with the nucleolar protein 
Nopl (Figure 5). We also investigated whether the deple- 
tion of snR30 snoRNA would alter the nucleolar localiza- 
tion of Nop6. Although Nop6 slightly stained the 
nucleoplasm of snR30-depleted cells (t = 12), the bulk of 
Nop6 remained in the nucleolus (Figure 5). 

We analyzed the sedimentation profiles of Nop6 and 
snR30 snoRNA in sucrose density gradients. In 
addition, we asked whether the absence of snR30 would 
affect the sedimentation profile of Nop6, and vice versa. 
Figure 6A shows the sedimentation profile of snR30 RNA 
in various strains. In the GAR 1 -TAP strain and the 
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Figure 5. Nop6 localizes to the nucleolus in normal and snR30 
snoRNA-depleted cells. S1-SNR30 cells grown in YPD, and 
GAL.:SNR30 cells grown in YPGal (/ = 0) and YPD for 12 h 
(t = 12) were fixed and immunostained with purified anti-Nop6 
antibodies (green) and anti-fibrillarin (Nopl) monoclonal antibody 
(red). The overlay is shown with the DAPI staining. 



GAL::SNR30 strain (grown in YPGal), snR30 snoRNA 
is most highly concentrated in low-density fractions, cor- 
responding to a sedimentation coefficient of about 40S 
(Figure 6A). With strain GAL::SNR30 larger amounts 
of snR30 RNA are seen in fractions 4 through 8; this 
modified sedimentation pattern could result from the 
high expression levels of snR30 snoRNA, which is under 
the control of the strong GAL1 promoter. When 
transcription of snR30 was turned off for 12 h [strain 
GAL::SNR30 (t = 12) in YPD], the remaining snR30 
snoRNA accumulated in the ~40S fraction and fraction 
16, which corresponds to complexes that are larger than 
polysomes. When Nop6 was absent (profile with deletion 
strain nop6A in Figure 6A), a somewhat larger proportion 
of snR30 snoRNP was detected in complexes larger than 
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Figure 6. Sucrose gradient sedimentation analyses. Cellular extracts prepared from strains GAR 1 -TAP, GAL::SNR30 either undepleted (/ = 0) or 
depleted for 12 h (t = 12), and nop6A were fractionated on sucrose gradients. Total extract (T) and gradient fractions (1-16) are indicated. 
The positions of 40S and 60S ribosomal subunits, 80S ribosomes, and polysomes are indicated, based on the continuous A254 absorbance profile. 
Northern blotting (A) was done with a 32 P-labeled oligonucleotide complementary to snR30 snoRNA. (B) Western blots of corresponding gradients 
were carried out with anti-Nop6 antibodies. 



40S as compared to control cells, with a gradual trailing of 
snR30 RNA towards fractions 4, 5 and 6. This profile 
is distinct from that seen for snR30 RNA in control 
strain GAR 1 -TAP. 

The sedimentation profile of Nop6 was also analyzed 
in the presence and absence of snR30 RNA (Figure 6B). 
In the GAR 1 -TAP and GAL::SNR30 strains, Nop6 
co-sedimented with snR30 snoRNP in low-density frac- 
tions. Depletion of snR30 snoRNA did not affect the 
sedimentation profile of Nop6, which was still found in 
low-density fractions (Figure 6B). Taken together, these 
results suggest that Nop6 does not require snR30 snoRNP 
to sediment with complexes of ~40S, but the absence of 
Nop6 slightly alters the sedimentation profile of snR30 
snoRNP. 

To determine if the absence of snR30 snoRNA has 
an impact on Nop6 association with other snoRNAs, 
Nop6-TAP IPs were carried out before (t = 0) and after 
(t = 12) depletion of snR30 RNA (Figure 7). In cells 
depleted of snR30 snoRNA the association of Nop6 
with snoRNAs U3, U14, snR4 and snR35 was disrupted 
(Figure 7). 

The snR30 snoRNA is required for cleavage at sites AO, 
Al and A2, and absence of Nop6 affects cleavage at 
site A2 

Cleavage of pre-rRNA at site AO is dispensable for growth 
(9). Atzorn et al. (15) reported that snR30 snoRNP is 



involved in cleavages at sites AO, Al and A2 but this 
was based on northern blot results from Morrissey and 
Tollervey (19). Using the primer extension method, which 
is a more precise approach because the exact position of 
any break/cleavage can be mapped, we demonstrate that 
snR30 snoRNP is required for cleavages at sites AO, Al 
and A2. Wild-type strain YPH499 was used as a positive 
control for cleavages; primer extension stops can be 
observed at the 5'-end of the pre-rRNA and at the AO, 
Al and A2 cleavage sites (Figure 8). When cells were 
depleted of snR30 snoRNA, there was a complete loss 
of the primer extension signal corresponding to site AO 
and A2 cleavages (Figure 8 A and C). Since the Al 
cleavage site corresponds to the 5'-end of mature 18S 
rRNA, which is still abundant even after a 12-h depletion 
of snR30 RNA, we could not see variations in the primer 
extension signal corresponding to site Al when using the 
18S probe (Figure 8B). However, the signal for the 5' -end 
is slightly stronger when snR30 RNA is depleted, suggest- 
ing that there is accumulation of pre-rRNA that is not 
cleaved at site Al. Since Nop6 is not an essential 
protein, we wanted to determine if it could be implicated 
in site AO cleavage, which is dispensable for growth (9). 
Primer extension experiments with RNAs isolated from 
strain nop6A generated similar results to the wild-type 
strain YPH499 for cleavages at sites AO and Al, indicating 
that Nop6 is not required for these cleavages. 
Interestingly, a slight decrease in primer extension stop 
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Figure 7. Depletion of snR30 snoRNA disrupts Nop6 association 
with other snoRNAs. Shown are RNAs immunoprecipitated with 
Nop6-TAP. RNAs from total extract (T; 1% input), supernatant 
(S; 1%) and immunoprecipitates (P) were detected by northern hybrid- 
ization. Strains and time of growth in YPD are indicated at the top. 
Untagged BY4741 strain was used to determine background levels of 
immunoprecipitated snoRNAs, which are indicated on the right of each 
panel. The asterisk indicates blots with multiple bands: snR30 is the 
top band, snR84 is the bottom band, snR35 is the top band. 
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Figure 8. Analysis of pre-rRNA processing at sites AO, Al and A2. 
Total RNA used for primer extension was extracted from wild-type 
strain YPH499, strain nop6A or strain GAL::SNR30 grown for 12 h 
in YPD. The primers hybridize downstream of the AO site (A), near the 
5'-end of mature 18S rRNA (B) and between A2 and A3 sites (C). 
The position of the primer extension stops at the 5'-end of the 
pre-rRNA or as a result of the cleavages is indicated. 



at site A2 was observed with RNAs isolated from the 
nop6A strain (compare lanes 1 and 3 in Figure 8C). 

Absence of snR30 snoRNP impairs mature SSU 
processome assembly 

We carried out EM analyses of chromatin spreads 
prepared from cells of GAL::SNR30 strain grown in 
YPGal and cells grown for 5 h in YPD to deplete snR30 
snoRNA (Figure 9). Depletion of snR30 RNA appeared 
to have little effect on rRNA transcription based on 
the high density of transcripts on many rRNA genes 
(Figure 9B) similar to non-depleted cells (Figure 9A). 
However, normal co-transcriptional rRNA processing 
events were impaired in snR30-depleted cells. 
Specifically, formation of SSU processomes and cleavage 
of nascent transcripts (thought to be at site A2) did not 
occur after snR30 snoRNA depletion, although both 
occurred as expected (12,14) in non-depleted cells. 
(Compare the blowups of transcripts at the 3'-end of 
genes in Figure 9A and B, with cleaved transcripts seen 
in 9A and uncleaved transcripts seen in 9B). 

DISCUSSION 

The H/ACA snoRNA snR30 has no known 
pseudouridylation target but it is essential for the early 



processing events that lead to 18S rRNA production. 
The mechanism by which snR30 snoRNP participates in 
these cleavage reactions is still a mystery. Identifying the 
protein components of snR30 snoRNP could give us 
insights into its function in pre-rRNA processing reac- 
tions. With the two-step purification procedure that 
we designed (purification of H/ACA snoRNPs through 
Garl-TAP in the first step, followed by selective isolation 
of SI -tagged snR30), we were able to recover the 
snR30 RNA, the four H/ACA proteins and eight novel 
proteins: Nop6, Rps9A/B, Rspl8A/B, Htbl/2 and Hhf2. 
The snR30 snoRNP was purified previously by the 
Luhrmann group (16), who carried out an anti-TMG 
immunoaffinity chromatography to enrich the samples in 
TMG-capped RNPs followed by Ul snRNP depletion 
and Mono Q anion-exchange chromatography; they 
identified seven snR30-associated proteins with apparent 
molecular masses of 65, 48, 46, 38, 25, 23, lOkDa, four of 
which (in bold) were later identified as H/ACA proteins 
(18). Because other snoRNAs as well as snRNAs were 
detected in the purified samples, it remained unclear 
whether proteins of 48, 46 and 38kDa were genuine 
snR30-associated proteins. Liibben et al. (16) even 
suggested that the 38-kDa protein might be Nopl, a 
common protein of the C/D snoRNPs. The Luhrmann 
group subsequently used the same purification scheme in 
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Figure 9. EM analysis of chromatin spreads from yeast strain GAL::SNR30. The strain was grown in YPGal (A; non-depleted) and shifted to YPD 
for 5 h to deplete cells of snR30 snoRNA (B). Examples of two representative rRNA genes from non-depleted cells are shown in (A), while (B) shows 
an overview of several active rRNA genes from depleted cells, at the same magnification as genes in (A). Scale bars = 0.4 urn. Arrows in (A) indicate 
SSU processomes. In both (A) and (B), a blowup is shown of the 3'-end of a gene (both at the same magnification and both demarcated by black 
boxes). Scale bars in blowups = 0.2 um. 



order to identify snR30 proteins via mass spectrometry 
(18); the four common H/ACA proteins and Sm 
proteins were identified, but not the previously isolated 
proteins of 48, 46 and 38kDa; it is therefore possible 
that these three proteins are not snR30-associated. A 
more recent affinity purification of the snR30 snoRNP 
by Liang and Fournier (45) showed that it was associated 
with DEAD-box RNA helicase Hasl. To purify snR30 
snoRNP, these authors inserted the human Ul hairpin 
II sequence in the snR30 snoRNA, and the construct 
was expressed in a strain that also expressed the 
HA-tagged UA1 protein, which specifically binds to Ul 
hairpin II. We did not find Hasl in our preparations of 
purified snR30 RNP. This could be due to the purification 
method, which was different from that of Liang and 
Fournier (45). It is also possible that the site where the 
SI aptamer was inserted in snR30 snoRNA could interfere 
with Hasl binding. In any case, it is known that Hasl is 
not an snR30-specific protein because it was strongly 
associated with U3, U14 and snR63 snoRNAs, and with 
Ul and U6 snRNAs (45). Similarly, DEAD-box RNA 



helicase Rokl was shown to be specifically required for 
the release of snR30 snoRNP from pre-ribosomal particles 
(46) but Rokl was not found in our purified complexes. 
This could also be explained by the transient nature of 
the interactions between RNA helicases and RNA. 

We found that Nop6 can associate with snR30 
snoRNP. Nop6 has many features that make it a perfect 
candidate to function with the snR30 RNP: it contains 
putative RRM and coiled-coil motifs (our unpublished 
observations), it localizes to the nucleolus (44), it is 
associated with H/ACA proteins (41^43) and it is 
implicated in 40S ribosomal subunit biogenesis (47). 
Nop6 could bind directly to snR30 snoRNA through its 
RRM or to the RNP via protein-protein interactions 
using its coiled-coil motif. However, Nop6 is not 
an snR30-specific protein. In fact, we found that Nop6 
interacts more strongly with snR35 H/ACA snoRNA 
(Figure 4). This is interesting when considered in view of 
recent work by Buchhaupt et al. (48) who found that 
mutations in Nop6 can suppress malfunction of Nepl, 
an Nl -specific pseudouridine methyl transferase that 
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modifies *1191 of 18S rRNA (49). The H/ACA snoRNA 
snR35 mediates isomerisation of Ul 191 into ^1191, which 
is required for proper D-site cleavage (50). Although 
Nop6 is not essential for yeast growth, the absence of 
Nop6 reduces the efficiency of cleavage at site A2 
[Figure 8C and (47)]. Lack of Nop6 could have discrete 
effects on rRNA structure near U/*1191, which in turn 
could hinder proper A2 cleavage. These structural changes 
could affect the levels of mature rRNA but not to a point 
where an effect on growth could be observed (47). 
Alteration of 18S rRNA structure triggered by the 
absence of Nop6 could explain why a knock-out of 
Nepl is tolerated in the mutant strain (48). Interestingly, 
Nop6 interaction with snR35 and other snoRNAs was 
disrupted in snR30-depleted cells (Figure 7) but Nop6 
still sedimented with complexes of ~40S. Lack of snR30 
could prevent structural changes in 18S rRNA, thus 
inhibiting the binding of certain snoRNAs but not 
binding of Nop6. 

Ribosomal proteins Rps9 and Rpsl8, which are 
conserved from bacteria to humans, were found in asso- 
ciation with snR30 RNA. This suggests that they might 
have extraribosomal roles (51,52) in rRNA biogenesis and 
processing, as has been demonstrated for Rpsl9 and 
Rps24 (53,54). Indeed, Rps9 was previously identified as 
a stable component of the SSU processome together with 
a few other ribosomal proteins (such as Rps4, Rps6, Rps7, 
and Rpsl4) thus implicating these proteins in cleavages 
AO, Al and A2 (11,55). Similarly, Rps9 and Rpsl8 
could have processing functions when associated with 
snR30 snoRNP. In yeast, Rps9 and Rpsl8 are expressed 
from duplicated genes. Rps9A and Rps9B are 97% 
identical, while Rpsl8A and Rpsl8B have identical 
amino acid sequences. Our results show that levels of 
snR30 snoRNA associated with Rps9A and Rps9B are 
similar (Figure 4). However, Rpsl8A was more strongly 
associated with snR30 snoRNA than Rpsl8B. It was 
shown by Komili et al. (56) that there are differences 
between the functional roles of ribosomal protein 
paralogs when cells are lacking specific ribosomal 
proteins. More specifically, loss of proteins Loci or 
Puf6, which are implicated in ribosomal assembly, 
caused paralog-specific localization defects of GFP- 
tagged ribosomal proteins. For example, Rpsl8B localizes 
to a region consistent with the endoplasmic reticulum in 
loci A. cells, while Rpsl8A exhibits wild-type localization. 
We found that Rps9A and Rps9B do not bind the same 
population of snoRNAs, and this is also the case for 
Rpsl8A and Rpsl8B (Figure 4). These results support 
the view that Rps9 and Rpsl8 duplicates could have 
different roles in ribosome biogenesis and function. 
Differences in expression levels or in spatio-temporal 
expression of the identical ribosomal proteins S18A and 
S18B could account for their functional differences. 

As mentioned above, Rps9 has been identified as 
a stable component of the SSU processome (55). 
Here we showed that Rps9 can co-immunoprecipitate 
other snoRNAs, implying that the SSU processome 
could contain not only the U3 snoRNP and pre-rRNA, 
but also a subset of processing and modifying snoRNPs. 
In support of this idea, we have demonstrated that 



snR30 snoRNA is required for the formation of the 
SSU processome, which is seen by EM at the 5'-end of 
nascent pre-rRNA transcripts (Figure 9). Thus, the role of 
snR30 snoRNP in pre-rRNA processing could be directly 
linked to the formation of these large terminal knobs since 
they are required for pre-rRNA processing reactions, 
including cleavage at sites AO, Al and A2 (11,12). No or 
only small 5'-end RNP particles can be observed when 
snR30 RNA is depleted, suggesting that the role of 
snR30 snoRNP might be to stabilize U3 snoRNP 
binding to nascent pre-rRNA and/or to chaperone the 
assembly steps and structural rearrangements that result 
in SSU processome formation. Our results are consistent 
with the recent identification of the snR30 snoRNA- 
binding site within 18S rRNA (20) in a region that 
becomes compacted into the SSU processome (12). 

We also found that snR30 snoRNP is associated with 
histones H2B (Htbl and Htb2) and H4 (Hhf2). It has been 
shown that histones H3 and H4 do not negatively regulate 
transcription but are rather associated with actively 
transcribed rRNA genes; indeed, they are components of 
the upstream activating factor (UAF), a transcription 
factor required for RNA polymerase I transcription in 
5". cerevisiae (57). It is possible that snR30 snoRNP 
could act as a chaperone, linking rRNA transcription 
and processing at early stages of rRNA transcription. 
Interaction of snR30 snoRNP with histones could 
mediate its recruitment to the nascent SSU processome, 
facilitating co-transcriptional cleavage of the pre-rRNA 
at sites AO, Al and A2. 

A general feature of IPs with TAP-tagged proteins was 
that the signal for snR30 snoRNA was weak, although 
consistently above background levels seen in control IPs 
made with extracts prepared from the untagged strain 
BY4741. Similar results have been observed with riboso- 
mal proteins that associate with the U3 snoRNA (55). 
Since most ribosomal proteins are constituents of 
cytoplasmic ribosomes, only a tiny fraction of these 
proteins could be implicated in pre-rRNA processing 
and maturation. Similarly, most histones are associated 
with non-ribosomal DNA, leaving only few histone 
molecules associated with rDNA and snR30 snoRNP. 
It is also possible that the low levels of snR30 RNA 
co-immunoprecipitated with Nop6, ribosomal proteins 
and histones could reflect transient association between 
these molecules. In any case, the identified proteins are 
clearly associated with snR30 snoRNA, but like the 
common H/ACA proteins, they are not snR30-specific. 
Furthermore, these proteins co-immunoprecipitated dif- 
ferent subsets of snoRNAs; this is possibly a consequence 
of the order of assembly/maturation events that are 
required for optimal ribosome biogenesis. 

The major aim of this work was to identify the protein 
content of snR30 snoRNP since the identification of 
such proteins could help us understand how this RNP 
participates in early pre-rRNA processing events. We 
have identified novel proteins that associate with 
snR30 and other snoRNAs. Notably, all these proteins 
co-immunoprecipitated the U3 snoRNA, which suggests 
they could be part of the SSU processome (58). 
Considering that snR30 RNA associates with these 
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proteins and the fact that it is required for SSU 
processome assembly but does not co-sediment with the 
SSU processome in sucrose density gradients, we propose 
that snR30 is a transiently associated SSU processome 
factor. Overall, our findings give insights into snR30's 
function, and how it could link rRNA transcription and 
processing via its role in SSU processome assembly and 
its interaction with ribosomal proteins and histones. 
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